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Abstract  5 
 6 
The promoting effects of both high nitrogen (N) and exogenous gibberellin (GA) supply on regrowth of Lolium 7 
perenne have been widely reported. The mobilisation of carbohydrate reserves in response to N is a critical 8 
mechanism for promoting plant regrowth. However, our knowledge about GA regulation of carbohydrate 9 
metabolism remains limited. Here, we analysed the effects of both N and exogenous GA on the molecular 10 
mechanisms controlling perennial ryegrass regrowth and investigated the similarities and differences. Our 11 
analyses show that both high N and exogenous GA supply lead to a decline in the accumulation of carbohydrate 12 
reserves, but the regulatory mechanisms responsible for this decline varied between N and GA supply. The effects 13 
of elevated N were mainly through declining fructan biosynthesis which results in improving photosynthate use 14 
efficiency to promote plant regrowth, whereas the application of exogenous GA resulted in an increase in the 15 
hydrolytic activities of fructan exohydrolase and invertases capable of cleaving reserved carbohydrates to release 16 
energy sources for plant regrowth.  17 
 18 




Intense pasture-based animal production systems are strongly dependent on nitrogen (N) supply and face 23 
mounting pressure to mitigate resource-driven adverse environment impacts, such as nitrous oxide (N2O) 24 
emissions and nitrate (NO3-) leaching. In New Zealand the primary source of N2O emissions, 57% of the total 25 
anthropogenic N2O emissions (Ministry for the Environment 2013), comes directly from soils following N 26 
fertilisation and excreta deposition by grazing ruminants. One root cause of this high N2O emission is the high 27 
rate of N supply to the ruminant as part of a pasture-based diet. This leads to excessive N intake per animal that 28 
is voided, predominantly in urine, adding to the concentrations of highly labile mineral N in soils already supplied 29 
with mineral N fertiliser (Parsons et al. 2013). A decrease in N fertilisation of soil and concurrent increase in 30 
carbohydrate content of forages, the latter providing a readily fermentable source of energy in the rumen, have 31 
been proposed to improve the N use efficiency of ruminants grazing pasture (Edwards et al. 2007; Parsons et al. 32 
2013). Reducing N fertilisation has also been shown to increase carbohydrate content and reduce crude protein 33 
concentrations in Lolium perenne (Lattanzi et al. 2012). However, lower N fertilisation can reduce plant yield, 34 
adversely affecting pastoral production. The challenge therefore is to reduce N fertilisation without negatively 35 
impacting forage yield and quality.  36 
 37 
Gibberellins (GAs) have been known for decades for their strong growth-promoting effects on stems and leaves 38 
(see review by Yamaguchi 2008). Applied to pasture, they can stimulate winter and spring pasture production or 39 
manipulate seasonality of production through speculative reserve mobilisation, leaf and stem elongation and 40 
promotion of flowering (see review by Mathew et al. 2009; Cai et al. 2016; van Rossem et al. 2013). In a 41 
previously reported experiment (Parsons et al. 2013), we simply applied an exogenous gibberellin (GA3, 42 
commercially labelled ProGibb-SGTM) and demonstrated that growth of winter-derived L. perenne plants was 43 




































































mineral N supply. These results support many earlier observations on GA promoting responses to pasture growth, 45 
e.g. for a sample of 72 responses from experiments reviewed by Mathew et al. (2009), an increase in sward height 46 
and yield in the 3 – 4 weeks after GA application was almost universally observed. These studies indicate that 47 
there is significant scope to increase growth without the need for substantial increases in N input, offering far 48 
greater N use efficiency through the plant, animal and soil, and this has valuable implications and prospects for 49 
mitigation of not only nitrous oxide emissions but for significantly improving multiple aspects of the efficiency 50 
of use of nitrogen (Parsons et al. 2013). Although these studies have advanced our understanding of the effect of 51 
GAs at specific developmental phases, compared to N nutrient which is known to affect carbohydrate metabolism 52 
in fundamental ways (Stitt and Krapp 1999; Wang et al. 2000; Wang and Tillberg 1996), they provide limited 53 
information concerning the general role of bioactive GAs in the regulation of carbohydrate metabolism under 54 
regrowth conditions in L. perenne. 55 
 56 
Defoliation and subsequent regrowth is a major and essential event with respect to L. perenne growth and 57 
productivity in pastures. Carbohydrate and N reserves serve a critical role as substrates for refoliation (Schnyder 58 
and de Visser 1999). Consequently, the accumulation and mobilisation of storage carbohydrates, predominantly 59 
fructans, in the remaining tissues are of great importance in restoring photosynthetic tissues for regrowth. It has 60 
been shown that during the first 2 - 3 days following defoliation, shoot growth of L. perenne relies predominantly 61 
on the mobilisation of carbohydrate reserves from both sheaths and elongating leaf bases (de Visser et al. 1997; 62 
Morvan et al. 1997); and the refoliation rate during the first week following defoliation is an important determinant 63 
of subsequent regrowth and herbage yield (Schnyder and de Visser 1999). The accumulation and mobilisation of 64 
reserve carbohydrates requires a substantial change in the expression of genes coding for enzymes involved in 65 
carbohydrate metabolism, such as invertases, fructosyltransferases (FT) and fructan exohydrolases (FEH) (Lee et 66 
al. 2011; Rasmussen et al. 2014; van den Ende et al. 2003); and nutrient level is an important factor regulating the 67 
above changes (Conaghan et al. 2012).  68 
 69 
Nitrogen deficiency is known to decrease sink strength and growth rate (Kavanová et al. 2008), increase 70 
carbohydrate accumulation in vegetative tissues (Keating and O’Kiely 2000; Lattanzi et al. 2012; Lehmeier et al. 71 
2010), and mediate the expression of carbohydrate storage-related genes (McIntyre et al. 2011; Ruuska et al. 2008) 72 
and their activities (Morcuende et al. 2004; Wang et al. 2000; Wang and Tillberg 1996). From these relationships, 73 
one might expect that the growth promoting effects of exogenous GA supply, apart from its stimulating effects 74 
such as enhancing cell division and elongation, may also affect carbohydrate metabolism. Initial studies have 75 
implicated that gibberellins may be involved in the regulation of carbohydrate metabolism. For example, Cai et 76 
al. (2016) showed that exogenous GA3 stimulates the regrowth of defoliated sheepgrass (Leymus chinensis) 77 
regrowth by regulating GA and fructan-related genes, and by promoting endogenous GA synthesis, fructan 78 
metabolism and signalling. Morvan et al. (1997) showed that the activity of fructan exohydrolase (FEH, an 79 
important fructan mobilising enzyme) in L. perenne was able to be repressed by a GA inhibitor of uniconazole 80 
and this inhibition was reversed by exogenous supply of bioactive GA3. However, to our knowledge no study has 81 
been undertaken to compare or exploit how nitrogen and exogenous GA differently regulate carbohydrate 82 





































































By comparing the application of nitrogen and exogenous GA, here, we analysed (by RT-qPCR) the expression of 85 
genes involved in pathways of L. perenne carbohydrate metabolism, gibberellin biosynthesis and transduction, 86 
and nitrogen assimilation. Our aims were to investigate the molecular mechanisms of the promoting effects of N 87 
and exogenous GA supply on perennial ryegrass regrowth, and the possible interaction between carbohydrate 88 
metabolism and GA regulation. The present work is designed to complement and enhance our previously 89 
published paper where plant growth data were presented (Parsons et al. 2013). 90 
 91 
Materials and Methods 92 
 93 
Plants and growing conditions 94 
 95 
Field grown Lolium perenne plants (cultivar ‘AberDart’) were dug out of an established pasture in the mid-winter 96 
season (June 2011). Plants were washed free of soil and clumps of ten tillers per plant were trimmed and 97 
transplanted into pots (9 cm x 9 cm x 18 cm) filled with a 2:1 sand: clay-loam mix. The plants were grown in 98 
controlled environment chambers (NZCEL, Plant and Food Research, Palmerston North, NZ) under a single 99 
day/night temperature regime of 12.5oC and in a short-day environment (‘SD’ = 8 hours; radiation flux density at 100 
620 µmols m-2 s-1) to ‘lock in’ their field-derived seasonal/developmental state. Plants transferred to growth rooms 101 
were clipped to 6 cm above surface level and allowed to establish in their pots for at least two full defoliation and 102 
regrowth cycles (8 weeks in total) before the experiment was initiated. Plants were irrigated with tap water every 103 
second day and, prior to the initiation of the experiment, all plants received the ‘low’ N solution (see below) thus 104 
minimising any long-term accumulation (or depletion) of nutrient availability. 105 
 106 
Nitrogen/ gibberellin treatments and time-course sampling 107 
 108 
Starting in August 2011, half the plants in chambers were supplied, every second day from above, with either 109 
‘high’ or ‘low’ mineral N (based on half strength Hoagland solution at 9 mM N as nitrate or adjusted to 2.25 mM 110 
N, 60 ml per pot) (Rasmussen et al. 2007). Critical time-course measurements were initiated 8 weeks after 111 
imposition of nutrient treatments (26 Sep 2011) by defoliating the plants to 6 cm above the soil surface. Seven 112 
replicate plants for each treatment were harvested destructively and dissected following time-course schedules of 113 
up to 4 weeks (672 h) as described in Table 1. During each day, harvests were started at 10am and the harvesting 114 
periods for each single plant minimised to be within 15mins. The ‘0 h’ of the time-course harvested prior to 115 
defoliation (or GA supply) represents the control conditions. For the GA-treated (GA+) plants, gibberellin (GA3, 116 
ProGibb-SGTM) and surfactant (ContactTM) were applied to groups of plants 4 days after defoliation following the 117 
manufacturer’s recommendations (Nufarm, NZ). Application rates were equivalent to the recommended 20 g ha-118 
1 ProGibb-SGTM, in a fine foliar spray of 100 L ha-1 containing 20 ml 100 L-1 surfactant. This created 4 treatments 119 
of GA × N combination (i.e. High-N/GA-free, High-N/GA+, Low-N/GA-free and Low-N/GA+). In order to assess 120 
the immediate effects of defoliation or exogenous GA supply, corresponding plants were also harvested from 1 to 121 
72 h following defoliation (for GA-free treatments) or from 1 to 48 h after GA supply (which equates to 97 – 144 122 
h after defoliation, for GA+ treatments), respectively (Table 1). Notably, the change in the measures for GA-free 123 




































































sample plants from both GA+ and GA-free treatments simultaneously. As a result, minor defoliation effects from 125 
the GA effects cannot be excluded for some analyses. 126 
 127 
At each harvest point, the plant shoots were dissected into three categories of tissues: sheath (S); enclosed 128 
elongating leaf (EE), and emerged mature leaf (EM). The latter included (initially) all tissue that had emerged 129 
beyond the cutting level, or (later) all tissue that had emerged beyond the ligule of the youngest ligulated leaf, if 130 
one was present (see Liu et al. 2015). The harvested tissues were immediately frozen and ground in a mortar under 131 
liquid nitrogen. A portion of the powdered samples were freeze-dried for carbohydrate analysis, and others were 132 
stored at -80˚C for subsequent RNA isolation. In this study, a total of 280 plants were dissected and up to 840 133 
samples were collected for subsequent analyses. Plant growth and dry weight were also measured, and the results 134 
have been reported previously (Parsons et al. 2013). 135 
 136 
Chemical analysis 137 
 138 
Water soluble carbohydrates (WSCs) were extracted and quantified as described previously (Hunt et al. 2005). 139 
Freeze-dried and powdered plant material (25 mg) was extracted with 2 ml 80% ethanol (representing the low 140 
molecular weight (LMW) WSC fraction) and subsequently extracted with 2 ml water (representing the high 141 
molecular weight (HMW) WSC fraction). The ethanol extracted LMW WSC fraction contains a mixture of sugars 142 
(glucose, fructose, sucrose) and low degree of polymerisation (DP) fructans and the water extracted HMW WSC 143 
fraction contains mainly high DP fructans. Extracts were briefly centrifuged and WSCs were determined in the 144 
supernatants using anthrone as a colorimetric reagent (Jermyn 1956). Concentrations of glucose, fructose and 145 
sucrose were determined enzymatically in the LMW WSC extracts (Rasmussen et al. 2014), and the concentration 146 
of low DP fructans were calculated by subtracting those sugars from the LMW WSC. 147 
 148 
Profiling gene expression 149 
 150 
Total RNA from plant material was isolated using TRIzol Reagent (Invitrogen NZ Ltd., Auckland, NZ) and treated 151 
with RNA-free DNase I (Roche NZ Ltd., Auckland, NZ) to remove residual genomic DNA. DNase treated RNA 152 
was subsequently purified using the RNeasy Plant Mini Spin Kit (Qiagen, Biostrategy Ltd., Auckland, NZ) to 153 
remove enzymes, salts and degraded DNA fragments. RNA quality was checked by gel electrophoresis, and the 154 
absence of genomic DNA was confirmed by PCR prior to reverse transcription. The treated RNA was reverse 155 
transcribed and converted into cDNA using the SuperScript®VILOTM cDNA Synthesis Kit (Invitrogen NZ Ltd., 156 
Auckland, NZ) following manufacturer’s instructions. The synthesised cDNAs were then diluted 50-fold; and 6 157 
µl diluted cDNA was used for subsequent qPCR analysis in a total PCR reaction volume of 15 µl.  158 
 159 
Transcription profiles of 14 L. perenne genes (Table 2) were quantified by RT-qPCR amplifying the target genes 160 
using the 96-well LightCycler® 480 II system (Roche Diagnostics NZ Ltd., Auckland, NZ). qPCR reactions were 161 
assayed using a LightCycler® 480 SYBR Green I Master mix following the manufacturers protocols (Roche 162 
Diagnostics NZ Ltd., Auckland, NZ). After 5 min pre-running at 95˚C, a total of 45 cycles of 10 sec at 95˚C; 10 163 




































































based either on sequences in the NCBI Genbank (http://www.ncbi.nlm.nih.gov/) or on the isolated genes from our 165 
L. perenne Rapid Amplification of cDNA Ends (RACE) cDNA libraries (Liu et al. 2015; Table 2). The primer 166 
sequences and relevant information are listed in Suppl. Table S1.  167 
 168 
To normalise the transcript data, an mRNA fragment encoding Epichlöe-GFP (eGFP) protein was synthesised and 169 
1 pg eGFP RNA was spiked into 1 µg of sample RNA prior to cDNA synthesis (Liu et al. 2015). The expression 170 
profiles of the genes were normalised by comparing with eGFP products, and results were presented as the ratio 171 
of target gene copies divided by eGFP copies.  172 
 173 
Statistical analysis 174 
 175 
All measures (referred to as ‘N and GA effects’ at later regrowth stages) obtained within regrowth periods between 176 
168 and 672 h after defoliation were analysed by 3-way ANOVA (tissue × N and GA supply × regrowth time) 177 
using Minitab statistical software version 16.22. A three-way ANOVA (tissue × N level × regrowth time) was 178 
also applied to examine the defoliation effects (for data obtained from 0 to 72 h at GA-free treatments; referred to 179 
as ‘defoliation effects’), and also to the immediate effects of GA supply (data obtained from 96 to 144 h at GA+ 180 
treatments; referred to as ‘GA immediate effects’) (Table 1). A two-way ANOVA was conducted to separate the 181 
difference between individual tissues when it was required. A Box-Cox transformation was applied to homogenise 182 
the error variances and where appropriate a Tukey’s pairwise test was used to help interpret significant effects. 183 
We report here untransformed means as a measure of data dispersion in response to treatment effects against the 184 
regrowth times.  185 
 186 
In the present study, almost all measures were significantly different between the tissues tested (Suppl. Table S2). 187 
As a result, data interpretation in the following sections focused on the ‘N and GA effects’, ‘defoliation effects’ 188 
and ‘GA immediate effects’; and less attention was paid to describing the interactive effects between major factors 189 
of tissue. The main and interactive effects between major factors have been summarised in Suppl. Table S2. Note 190 
that, to make immediate changes in transcript levels and carbohydrate concentrations more visible, the x-axes in 191 





Effects of defoliation, N and exogenous GA supply on fructan concentration and expression of fructan-regulating 197 
genes during regrowth 198 
 199 
Fructan concentrations varied between tissues (P < 0.001 for both high and low DP fructans), with higher 200 
concentrations (~2 - 4 folds) generally observed in the enclosed elongation (EE) and sheath (S) tissues compared 201 
with the emerged mature blades (EM), supporting previous observations (Guerrand et al. 1996; Liu et al. 2015; 202 




































































expression of fructan-related genes (~10-fold, data not shown), which is consistent with the observation of others 204 
(e.g. Guerrand et al. 1996; McIntyre et al. 2011).  205 
 206 
Defoliation resulted in a dramatic decrease in fructan concentrations within 72 h of defoliation irrespective of N 207 
levels (P < 0.001), as shown in EE tissues (Fig. 1a, c). Compared to the low N treatments, significantly decreased 208 
(~2 - 3 folds; P < 0.001) concentrations of both high and low DP fructans were seen under high N supply which 209 
is consistent with the observations of others (e.g. Keating and O’Kiely, 2000; Lehmeier et al. 2010). For all tissues 210 
tested in the high N treatments, both high and low DP fructan concentrations were consistently reduced during 211 
the later regrowth stages following the supply of exogenous GA (Fig. 1b, d; P < 0.001for both DP fractions). The 212 
effects of GA supply on fructans in the low N treatments varied in the tested tissues and were statistically 213 
insignificant. 214 
 215 
In association with the changes in fructans, rapidly decreased expression (>2 folds) of the fructosyltransferases 216 
Lp1-SST (P < 0.001) and Lp6-SFT (P < 0.001) and increased expression of the fructan exohydrolase Lp1-FEH (P 217 
< 0.01) occurred following defoliation as shown in EE tissues (Fig. 1e, g, i). A rapid increase in Lp1-FEH gene 218 
expression was also observed shortly after GA supply in the high-N and GA+ treatments (P < 0.01) in the sheaths 219 
and emerged mature blades (Suppl. Fig. S1a, b), which supports the observations in Leymus chinensis (Cai et al., 220 
2016). There were no significant differences in GA-immediate effects for Lp1-SST and Lp6-SFT gene expression. 221 
 222 
During the later regrowth periods of 168 – 672 h after defoliation, significantly increased expression of Lp1-FEH 223 
(~2-fold) following GA supply was observed in the high N treatment, particularly in the EE tissues (Fig. 1j; P < 224 
0.001). This increased expression of Lp1-FEH by GA supply in high N treatment was associated with the 225 
decreased fructans concentration as stated before (Fig.1b). Compared to the low N treatments, significantly 226 
decreased expression levels of Lp1-SST and Lp6-SFT (both P < 0.001) were seen under high N supply (Fig. 1f, 227 
h), particularly in the EE tissues, which is consistent with previous observations (e.g. Morcuende et al. 2004; 228 
Wang et al. 2000; Wang and Tillberg 1996). Increased Lp6-SFT expression after GA supply was also occurred 229 
under low N conditions during these periods (Fig. 1h; P < 0.001). As expected, the expression of Lp6-SFT was 230 
significantly correlated with fructan concentrations, particularly in the EE tissues (High DP fructans = 28.204 x 231 
Lp6-SFT0.8499; r = 0.841; P < 0.001), which is consistent with our previous observations (Liu et al. 2015).  232 
 233 
Effects of defoliation, N and exogenous GA supply on sucrose concentration and the expression of invertase genes 234 
during regrowth  235 
 236 
Significant changes in sucrose concentrations occurred shortly after defoliation. Generally, the sucrose 237 
concentration decreased significantly to its lowest levels from 72 h after defoliation (Fig. 2a, c, e; P < 0.001), 238 
although sucrose concentrations were highly sensitive to photoperiods within a day (5 h after defoliation strongly 239 
elevated sucrose concentration occurred in EE and EM tissues presumably where emerging and residual leaf 240 
blades have resulted in a higher rate of photosynthesis). Compared to the low N treatments, high N supply was 241 
consistently associated with decreased sucrose concentrations for all tissues tested (Fig. 2a, c, e; P < 0.001), 242 




































































Interestingly, for all tissues tested at the later regrowth stages, sucrose concentration was further reduced in the 244 
High-N and GA supply treatment compared with High-N and GA-free treatment (Fig. 2g; P < 0.001), suggesting 245 
that GA supply stimulated the release of more hexoses from sucrose which could be used for refoliation.   246 
 247 
Rapidly increased expression of the vacuolar invertase gene (LpVacInv), mainly in high N treatments (P < 0.001 248 
compared to low N treatments), peaked at 48 h after defoliation for all tissues tested (Fig. 2b, d, f; P < 0.001). 249 
LpVacInv gene expression appeared to be sensitive and negatively associate with the sucrose concentration 250 
immediately after GA application. At the later stages of regrowth, increased LpVacInv expression was consistently 251 
seen under high N supply for all tissues tested (Fig. 2h; P < 0.001), particularly in the GA-free treatments. The 252 
effects of GA supply on LpVacInv expression appeared to interact with N levels and tissues (P < 0.05). Compared 253 
to GA-free treatments, GA supply appeared to increase LpVacInv gene expression under low N treatments but 254 
decreased LpVacInv gene expression under high N treatments (Fig. 2h). In the EE tissues, both high N level and 255 
GA supply were associated with significantly increased expression of the cytosolic invertase (LpCytInv) at the 256 
later stages of regrowth (Suppl. Fig. S1c; P < 0.01).  257 
 258 
Effects of defoliation, N and exogenous GA supply on expression of GA-regulated genes during regrowth 259 
 260 
The expression levels of GA-related genes were generally higher in the EE tissues than in the emerged mature 261 
blades as seen in previous studies (Jang et al. 2008; Morvan-Bertrand et al. 2001). Increased expression of GA-262 
activated genes (LpGA3ox and LpGA20ox) was induced immediately after defoliation, particularly under high N 263 
conditions as shown in EE tissues (Fig. 3a, b; P < 0.01), and then reverted to the original levels. Conversely, the 264 
supply of exogenous GA resulted in decreased expression of LpGA3ox and LpGA20ox shortly (24 - 48 h after GA 265 
supply) (Fig. 3a, b; P < 0.001). During the later regrowth periods, the supply of exogenous GA did not result in a 266 
significant difference in the expression of both LpGA3ox and LpGA20ox. However, as shown in EE tissues, 267 
significantly higher expression of LpGA20ox occurred in the high N treatments compared to the low N treatments 268 
(Fig. 3b; P < 0.001).  269 
 270 
Expression of the GA-inactivating gene LpGA2ox and LpDELLA highly varied in the early stages after defoliation 271 
and after GA supply. Within the later stages of regrowth, gene expression of LpDELLA significantly increased 272 
with exogenous GA supply, mainly in the low N treatments as shown in EE tissues (Fig. 3c, d; P < 0.001).  273 
 274 
In the present study, the expression of genes encoding nitrate reductase (LpNR) appeared to be elevated by high 275 
N levels (P < 0.001; data not shown), but there was no significant difference associated with GA supply. The 276 
expression of LpNT (coding for a nitrate transporter) was variable, and there was no difference observed under 277 









































































Defoliation and the subsequent regrowth of the plant is a major and essential event with regards to L. perenne 284 
growth and productivity in the pasture. Defoliation removes photosynthetic organs and consequently reduces the 285 
available carbon (C) and energy (glucose) for regrowth. Following defoliation, reserve carbohydrates, particularly 286 
the fructans, in the remaining stubble tissues have to be mobilised in order to restore photosynthetic tissues for 287 
the plants regrowth (Morvan et al. 1997). The refoliation rate during the earlier stages of regrowth is an important 288 
determinant of plant viability and eventual herbage yield (Schnyder and de Visser, 1999) and it has been suggested 289 
that before the third day of regrowth, C supply to meristematic zones for new leaves emerging from the stubble 290 
predominantly relies on this mobilisation (de Visser et al. 1997; Morvan et al. 1997).  291 
 292 
In this study, defoliation was followed by a rapid (> 2-fold within 1-3 days after cutting) decrease in concentrations 293 
of both fructans and sucrose. In association, a rapid decrease in expression of the fructan synthetic genes Lp1-SST 294 
and Lp6-SFT and an increase in expression of the fructan mobilising genes Lp1-FEH and invertase gene LpVacInv 295 
occurred within the first 72 h following the defoliation. All these changes indicate that defoliation induced a shift 296 
from maintaining reserves to their conversion to soluble sugars in order to supply energy for rapid refoliation and 297 
suggested that the mobilisation and utilisation of reserve carbohydrates is one of the mechanisms that facilitates 298 
rapid regrowth. Increased expression of genes encoding the GA-activating LpGA3ox and LpGA20ox were also 299 
observed after defoliation. These results are consistent with previous observations (de Visser et al. 1997; Hisano 300 
et al. 2008; Lidgett et al. 2002; Liu et al. 2015; Morvan-Bertrand et al. 1999; Morvan et al. 1997) and indicate that 301 
GA may be involved in the defoliation response.  302 
 303 
Nitrogen and exogenous GA status affects carbohydrate metabolism differently during regrowth 304 
 305 
Effects on fructans and fructan-regulating genes 306 
The primary storage carbohydrates in L. perenne are fructans (Morvan-Bertrand et al. 2001). Fructans are 307 
synthesised from sucrose by fructosyltransferases (FTs) and degraded by fructan exohydrolases (FEHs) (Morvan 308 
et al. 1997). They predominantly occur in the youngest cells in the cell division and expansion zones (Morvan-309 
Bertrand et al. 2001), and accumulate as storage molecules, stored in vacuoles, in the carbohydrate-sink tissues 310 
(Lattanzi et al. 2012; Pollock and Cairns 1991). High fructan content is a valuable resource in perennial ryegrass 311 
as it can be readily mobilised to sustain regrowth immediately after defoliation (Morvan et al. 1997) as well as 312 
potentially adding to the nutritive value of the feed (Johnson et al. 2003) and they have also been shown to be of 313 
benefit in reducing nitrogen excretion from grazing ruminants (Edwards et al. 2007; Parsons et al. 2013).  314 
 315 
Nitrogen nutrition is known to affect carbohydrate metabolism in fundamental ways (Lattanzi et al. 2012; Morvan-316 
Bertrand et al. 1999; Stitt & Krapp 1999; Wang et al. 2000). N deficiency decreases sink strength and growth rate 317 
(Kavanová et al. 2008), increases carbohydrate accumulation in vegetative tissue (Lattanzi et al. 2012; Lehmeier 318 
et al. 2010; van den Ende et al. 1999), and increases the expression of carbohydrate storage-related genes (Ruuska 319 
et al. 2008) and their activities (Morcuende et al. 2004; Wang et al. 2000; Wang and Tillberg 1996). Nitrate (the 320 
major N source applied in this study) has been considered a negative signal regulating fructan biosynthesis 321 
although it does not induce fructan degradation directly (Morcuende et al. 2004). In the present study, a 322 




































































associated with a significant decrease of both high and low DP fructans in all tissues tested. These decreased 324 
fructan concentrations under high N treatments were proportionally related to the initial status of the fructans prior 325 
to defoliation and correlated negatively with the gene expression of Lp1- Lp6-SFT, particularly in EE tissues. 326 
Results indicate that the reduced fructan synthesis, via decreased activities of fructosyltransferases under high N 327 
levels, were the critical molecular mechanism for the high N effects on ryegrass regrowth; and the fructan-328 
synthetic enzyme of Lp6-SFT may play a key role in the regulation of fructan accumulation under high N 329 
conditions. These results support previous studies showing that high N is capable of reducing fructan accumulation 330 
(Lattanzi et al. 2012; Morvan-Bertrand et al. 1999; Wang and Tillberg 1996) and the enzymatic activities of 1-331 
SST and 6-SFT (de Roover et al. 2000; Morcuende et al. 2004; van den Ende et al. 1999; Wang et al. 2000; Wang 332 
and Tillberg 1996).  333 
 334 
Exogenously applied bioactive GA has been known to strongly promote the elongation of shoots in many plants 335 
(Gocal et al. 1999; MacMillan et al. 2005; Yamaguchi 2008). In this study, exogenous GA supply appeared to 336 
reduce fructan accumulation in a similar manner to high N effects. As shown in Fig. 1 (b, d), at the later stages of 337 
regrowth GA supply resulted in reduced fructan concentrations under high N conditions for all tissues tested. The 338 
effects of GA supply on fructan concentrations were associated with strongly promoted plant regrowth (38%) in 339 
blade biomass following GA supply under high N (Parsons et al. 2013), indicating that the effects of GA supply 340 
on L. perenne regrowth, like the effects of high N, are also through reducing fructan biosynthesis. Interestingly 341 
and notably, unlike N effects where high N supply was strongly associated with declined expression of fructan-342 
synthesising genes, the decreased fructan concentrations in association with GA supply did not appear to be due 343 
to decreased expression of the two fructan-synthesising genes. Instead, the decreased fructan concentration in 344 
association with GA supply appeared to be a result of increased expression of the gene encoding the fructan-345 
degrading Lp1-FEH. Under high N conditions, expression of Lp1-FEH was significantly elevated in the presence 346 
of exogenous GA throughout the later stages of regrowth in the enclosed elongating tissues (Fig. 1i, j). And 347 
increased expression of Lp1-FEH also occurred in the sheaths and the emerged mature blades immediately after 348 
the supply of GA (Suppl. Fig. S1a, b). These results indicate that, unlike high N effects, the effects of exogenous 349 
GA supply on fructan synthesis was through increased activity of the fructan-degrading enzyme Lp1-FEH rather 350 
than reduced activity of the fructan-synthesising Lp1-SST and Lp6-SFT. This provides evidence that there are 351 
obvious differences and complementarities in the interaction of N and GA affecting fructan biosynthesis during 352 
L. perenne regrowth. The reduced accumulation of fructans, both under high N and exogenous GA supply, is 353 
likely due to the need to provide energy sources to accelerate the regrowth of new leaves emerging from elongating 354 
zone, and consequently increase the production of photosynthates and plant regrowth, particularly during the 355 
earlier regrowth stages.  356 
 357 
In L. perenne, Lp1-FEH has been implicated in the fast mobilisation of fructans immediately after defoliation in 358 
order to deliver carbon to growing leaf cells. Morvan et al. (1997) showed that the increased activity of Lp1-FEH 359 
following defoliation was strongly inhibited by an inhibitor of GA biosynthesis and that this inhibition was 360 
overcome by GA treatment. However, little is known about the mechanism of GA regulation of FEH activity, and 361 
further studies are needed to exploit the potential regulatory mechanisms. In many plants, sucrose has been 362 




































































and Mino 1987). In the present study, the GA associated expression of Lp1-FEH under high N conditions was 364 
most likely the consequence of a response to dramatically decreased sucrose concentrations under elevated GA. 365 
This is further supported by the fluctuation of Lp1-FEH expression within the first day after GA supply (i.e. 1 to 366 
5 h after GA supply), where sucrose concentrations elevated rapidly with increasing photoperiods.  367 
  368 
Notably, we observed an increased expression of Lp6-SFT associated with GA supply under low N level at the 369 
later regrowth stages (Fig. 1h). This unexpected increase in Lp6-SFT gene expression under high GA and low N 370 
conditions might be linked to the availability of newly synthesised photosynthates during the recovery stages as 371 
fructan biosynthesis is highly influenced by the photosynthesis rate.  372 
 373 
Effects on sugars and invertase genes 374 
Invertases play an important role in the cleavage of sucrose into glucose and fructose which are then able to 375 
provide an energy source for plant growth and also increase the osmotic pressure of the cell, suggesting a possible 376 
function of invertases in cell elongation and plant growth (Sturm 1999). Different forms of invertase, including 377 
vacuolar (VacInv), cytoplasmic (CytInv) and apoplastic/ cell wall (CWInv) invertases, have been suggested to be 378 
distributed between the cellular compartments accordingly (Cairns and Gallagher 2004; Kingston-Smith et al. 379 
1999) with vacuolar invertase suggested to be important during carbohydrate metabolism because major reserve 380 
carbohydrates are present in vacuoles (Wang et al. 2000).  381 
 382 
In this study, high N treatments resulted in significantly decreased sucrose concentrations and the increased gene 383 
expression of the invertase LpVacInv in high N treatments was coupled with deceased concentrations of sucrose 384 
(Fig. 2). This suggests that cleavage of sucrose in the presence of high N may be an important prerequisite for 385 
improved regrowth of L. perenne, which is consistent with results in other crops (e.g. Morcuende et al. 2004; van 386 
den Ende et al. 1999). The elevation of vacuolar invertase activities under high N has been observed in other 387 
plants such as barley (Wang et al. 2000; Wang and Tillberg 1996) and chicory (van den Ende et al. 1999). It has 388 
been suggested that the vacuolar invertase possesses both invertase and fructan exohydrolase-like activities 389 
capable of breaking sucrose and low DP fructans into glucose and fructose (Johnson et al. 2003).  390 
 391 
GA supply resulted in a further decrease in sucrose concentration in the High-N and GA supply treatment during 392 
later regrowth stages (Fig. 2g), an observation that is consistent with results in other species, for example, 393 
Zantedeschia (Kozlowska et al. 2007). The effects of GA supply on LpVacInv expression appeared to interact 394 
with N levels and tissues at the later regrowth stages (Fig. 1h). However, LpVacInv gene expression appeared to 395 
be sensitive and negatively associate with the sucrose concentration immediately after GA application, indicating 396 
that the increased invertase activity may be an initial response to GA supply. Increased activities of invertases in 397 
response to exogenous GA have been observed in many elongating plant tissues such as tulip (Tulipa gesneriana) 398 
internodes (Ranwala and Miller 2008), Avena internodes (Kaufman et al. 1973), bean (Phaseolus vulgaris) 399 
internodes (Morris and Arthur 1985), and dwarf pea (Pisum sativum L.) shoots (Wu et al. 1993).  400 
 401 





































































Gibberellin acts as a key mediator between environmental cues and plant morphology across a variety of 404 
developmental processes, including stem and root elongation, seed germination, floral development, and 405 
determination of leaf size and shape (Middleton et al. 2012; Yamaguchi et al. 1998). The GA biosynthesis and 406 
signal transduction pathways have been characterised in great detail in model plants (Hong et al. 2012; Middleton 407 
et al. 2012; Peng et al. 1997) and the key gene families associated with GA signalling shown to be GA20-oxidase 408 
(GA20ox), GA3-oxidase (GA3ox), GA2-oxidase (GA2ox), DELLA and gibberellin-insensitive dwarf1 (GID1).  409 
 410 
GA homeostasis in plants is maintained by both the feedback and feed forward regulation of GA metabolism 411 
(Hedden and Phillips 2000; Olszewski et al. 2002; Xu et al. 1999). Endogenous expression of genes involved in 412 
GA synthesis and transduction have been shown to be affected by the supply of bioactive exogenous GA 413 
(Middleton et al. 2012). In the present study, we found that LpGA3ox and LpGA20ox were both down-regulated 414 
immediately after exogenous GA application (Fig. 3a, b), which is consistent with the observations of Middleton 415 
et al. (2012) in Arabidopsis thaliana (A. thaliana). These results indicate that substrate-induced feedback 416 
regulation occurs in L. perenne to maintain GA homeostasis. Reduced expression of GA3ox and GA20ox in 417 
response to exogenous GA supply has also been reported previously in other plant species (Ayele et al. 2006; 418 
Martin et al. 1996; Matsushita et al. 2007; Xu et al. 1999; Yamaguchi et al. 1998). 419 
 420 
Endogenous levels of bioactive GAs are often positively associated with the expression of GA biosynthetic genes. 421 
However, an increase in bioactive GA can also be brought about by a reduction in GA degradation. In the present 422 
study the expression of the endogenous GA-degrading gene LpDELLA appeared to be up-regulated by exogenous 423 
GA supply, particularly under high N conditions during later stages of regrowth (Fig. 3c, d), an observation that 424 
is consistent with previous studies (Ayele et al. 2006; Middleton et al. 2012; Ogawa et al. 2000; Thomas et al. 425 
1999; Yamaguchi 2008). 426 
 427 
Interactive effects of N and exogenous GA on carbohydrate metabolism  428 
 429 
Both carbohydrate and nitrogen status of the plant at the time of defoliation is an important determinant of the 430 
subsequent dynamics of reserve mobilisation for plant regrowth. Phytohormones (e.g. GA) can participate in the 431 
regulation of carbohydrate metabolism (Cai et al. 2016; Morvan et al. 1997) and an improved understanding of 432 
the interactive effects between carbohydrate, nitrogen and GA regulation on plant growth needs special attention 433 
as regrowth response to these elements may be associated.  434 
 435 
At the molecular level, cross-talk between signalling pathways for N assimilation and GA regulation has been 436 
suggested previously (Davis 2000; Hong et al. 2012) and GA biosynthesis has been shown to be up-regulated in 437 
response to nitrogen application (Jang et al. 2008). A strong interaction between N supply and endogenous 438 
concentration of GA on growth has also been reported in other plants (Ali et al. 1996; Krauss and Marschner 439 
1982). However, the response to GAs supply in relation to nitrogen status has never been investigated during 440 
regrowth in grass species. In the present study the expression of the GA-synthesising genes, LpGA3ox and 441 




































































bioactive GA activity which plays a key role in the regulation of plant development, and perhaps carbohydrate 443 
metabolism as well.  444 
 445 
It appears that the expression of the GA-degrading gene LpDELLA was also up-regulated under high N treatments 446 
particularly in enclosed elongating tissues, indicating that N counteracts GA transduction, probably through 447 
feedback processes. Studies in A. thaliana demonstrated that RGA (a DELLA protein important for GA signal 448 
transduction) was capable of complementing a yeast mutant altered in nitrogen metabolism (Bouton et al. 2002; 449 
Truong et al. 1997), suggesting that GA could be involved in controlling N assimilation in plants. However, we 450 
did not observe significant changes in N content in herbage and the expression of genes encoding a nitrate 451 
reductase (LpNir) and a nitrate transporter (LpNT) between GA-treated and GA-free plants, although the 452 
expression of LpNir was significantly elevated under high N supply (data not shown). Our observations are 453 
consistent with a study of Bouton et al. (2002) who found that N content and the expression of genes encoding a 454 
nitrate reductase (NR), nitrite reductase (Nir), cytosolic and chloroplastic glutamine synthetases did not vary in A. 455 
thaliana plants with different GA genetic backgrounds and in the short-term GA treatment of wild-type plants. 456 
The above results indicated that DELLA proteins and gibberellins might not act as major factors controlling nitrate 457 
assimilation in the vegetative stage, although in some studies GAs were shown to restore NR and Nir activities in 458 
aerial parts of rice seedlings 24 h after root removal (e.g. Gandi et al. 1974). Further studies on the role of GA in 459 
regulating N assimilation are required in the future. In some source-sink systems, sugars and other metabolites 460 
have been implicated in the interaction of N assimilation and hormonal signals and cross-talk between signalling 461 
pathways for N uptake and carbon metabolism has been reported previously (Davis 2000). However, any potential 462 




Our study demonstrates that the promoting effects of both high N and exogenous GA supply on regrowth of 467 
perennial ryegrass were through reducing the accumulation of carbohydrate reserves in plant tissues, particularly 468 
in high N conditions. However, the molecular mechanisms regulating carbohydrate metabolism vary between 469 
exogenous GA and high N effects. Our analyses indicate that exogenous GA promotes carbohydrate metabolism 470 
through increasing the hydrolytic activities of fructan exohydrolases and invertases capable of cleaving reserve 471 
carbohydrates to release an energy source for plant regrowth, whereas high N effects were mainly seen through 472 
declining fructan biosynthesis and improved photosynthate use efficiency to support plant regrowth. The 473 
stimulating effects of the exogenous GA on plant regrowth appears to be mediated by N levels and this has 474 
important implications with regard to the optimal combination of N fertilisation and exogenous GA application 475 




This work was supported by the New Zealand Agricultural Greenhouse Gas Research Centre and conducted at 480 




































































for critically reviewing the manuscript; and Dongwen Luo (AgResearch) and Briar Davies (internship) for 482 
statistical advice and technical assistance. 483 
 484 
Conflict of interest 485 
 486 




Ali A, Kafkafi U, Yamaguchi I, Sugimoto Y, Inanag S (1996) Effects of low root temperature on sap flow rate, 491 
soluble carbohydrates nitrite contents and on cytokinin and gibberellin levels in root xylem exudate of 492 
sand-grown tomato. J Plant Nutr 19: 619-634   493 
Ayele BT, Ozga JA, Reinecke DM (2006) Regulation of GA biosynthesis genes during germination and young 494 
seedling growth of pea (Pisum sativum L.). J Plant Growth Regu. 25: 219-232 495 
Bouton S, Leydesher MT, Meyer C, Truing HN (2002) Role of gibberellins and the RGA and GAI genes in 496 
controlling nitrate assimilation in Arabidopsis thaliana. Plant Physiol Biochem 40: 939-947 497 
Cai Y, Shao L, Li X, Liu G, Chen S (2016) Gibberellin stimulates regrowth after defoliation of sheepgrass (Leymus 498 
chinensis) by regulating expression of fructan‑ related genes. J Plant Res (2016) 129:935–944  499 
Cairns AL, Gallagher JA (2004) Absence of turnover and futile cycling of sucrose in leaves of Lolium temulentum 500 
L: implications for metabolic compartmentation. Planta 219: 836-846. 501 
Conaghan P, O’Kiely P, Halling MA, O’Mara FP, Nesheim L (2012) Yield and quality response of perennial 502 
ryegrass selected for high concentration of water-soluble carbohydrate to nitrogen application rate. Crop 503 
Sci 52: 2839–2851 504 
Davies C (2000) Strategy differences of two potato species in response to nitrogen starvation. Do plants have a 505 
genetic switch for nitrogen signalling? Plant Cell Environ 23: 759-765 506 
de Roover L, Vandenbranden K, Van Laere A, Van de Ende W (2000) Drought induces fructan synthesis and 1-507 
SST (sucrose: sucrose fructosyltransferase) in roots and leaves of Cichorium seedlings (Cichorium intybus 508 
L. ). Planta 210: 808-814 509 
de Visser R, Vianden H, Schnyder H (1997) Kinetics and relative significance of remobilized and current C and 510 
N incorporation in leaf and root growth zones of Lolium perenne after defoliation: Assessment by 13C and 511 
15N steady-state labelling. Plant Cell Environ 20: 37-46 512 
Edwards GR, Parsons AJ, Rasmussen S, Bryant RH (2007) High sugar ryegrasses for livestock systems in New 513 
Zealand. Proceedings of the New Zealand Grassland Association 69: 161–171 514 
Gandi AP, Naik MS (1974) Role of roots, hormones and light in the synthesis of nitrate reductase and nitrite 515 
reductase in rice seedlings. FEBS Lett 40: 343-345 516 
Gocal GF, Poole AT, Gubler F, Watts RJ, Blundell C, King RW (1999) Long-day up-regulation of a GAMYB 517 
gene during Lolium Temulentum inflorescence formation. Plant Physiol 119: 1271-1278 518 
Guerrand D, Prud’Homme MP, Boucaud J (1996) Fructan metabolism in expanding leaves, mature leaf sheaths 519 
and mature leaf blades of Lolium perenne. Fructan synthesis, fructosyltransferase and invertase activities. 520 




































































Hedden P, Phillips AL (2000) Gibberellin metabolism: New insights revealed by genes. Trends Plant Sci 12: 523-522 
530 523 
Hisano H, Kanazawa A, Yoshida M, Humphreys MO, Iizuka M, Kitamura K, Yamada T (2008) Coordinated 524 
expression of functionally diverse fructosyltransferase genes is associated with fructan accumulation in 525 
response to low temperature in perennial ryegrass. New Phytol 178: 766-80 526 
Hong YF, Ho TH, Wu CF, Ho SL, Yeh RH, Lu CA, Chen PW, Yu LC, Chao A, Yu SM (2012) Convergent 527 
starvation signals and hormone crosstalk in regulating nutrient mobilization upon germination in cereals. 528 
Plant Cell 24: 2857-2873 529 
Hunt MG, Rasmussen S, Newton PCD, Parsons AJ, Newman JA (2005) Near-term impacts of elevated CO2, 530 
nitrogen and fungal endophyte-infection on Lolium perenne L.: growth, chemical composition and alkaloid 531 
production. Plant Cell Environ 28: 1345-1354 532 
Jang SW, Hamayun M, Sohn EY, Shin DH, Kim KU, Lee BH, Lee IJ (2008) Effect of elevated nitrogen levels on 533 
endogenous gibberellin and jasmonic acid contents of three rice (Oryza sativa L) cultivars. J. Plant Nutr 534 
Soil Sci 171: 181-186 535 
Jermyn MA (1956) A new method for determining ketohexoses in the presence of aldohexoses. Nature 177: 38-536 
39 537 
Johnson X, Lidgett A, Chalmers J, Guthridge K, Jones E, Cummings N, Spangenberg G (2003) Isolation and 538 
characterisation of an invertase cDNA from perennial ryegrass (Lolium perenne). J Plant Physiol 160: 903-539 
11 540 
Kaufman PB, Ghoshen NS, LaCroix JD, Soni SL, Ikuma H (1973) Regulation of invertase levels in Avena stem 541 
segments by gibberellic acid, sucrose, glucose, and fructose. Plant Physiol 52: 221-228 542 
Kavanová M, Lattanzi FA, Schnyder H (2008) Nitrogen deficiency inhabits leaf blade growth in Lolium perenne 543 
by increasing cell cycle duration and decreasing mitotic and post-mitotic growth rates. Plant Cell Environ 544 
31: 103-113 545 
Keating, T., and P. O’Kiely (2000) Comparison of old permanent grassland, Lolium perenne and Lolium 546 
multiflorum swards grown for silage. 3. Effects of varying fertiliser nitrogen application rate. Ir J Agric. 547 
Food Res 39: 35–53 548 
Kingston-Smith AH, Walker RP, Pollock CJ (1999) Invertase in leaves: conundrum or control point? J Exp Bot 549 
50: 735-743   550 
Kozlowska M, Rybus-Zajac M, Stachowiak J, Janowska B (2007) Changes in carbohydrate contents of 551 
Zantedeschia leaves under gibberellin-stimulated flowering. Acta Physiol Plant 29: 27-32 552 
Krauss A, Marschner H (1982) Influence of nitrogen nutrition, day length and temperature on contents of 553 
gibberellic and abscisic acid and on tuberizations in potato plants. Potato Res 25: 13-21. 554 
Lattanzi FA, Ostler U, Wild M, Morvan-Bertrand A, Decau ML, Lehmeier CA, Meuriot F, Prud’homme MP, 555 
Schaüfele R, Schnyder H (2012) Fluxes in central carbohydrate metabolism of source leaves in a fructan-556 
storing C3 grass: rapid turnover and futile cycling of sucrose in continuous light under contrasted nitrogen 557 
nutrition status. J Exp Bot 63: 2363-2375. 558 
Lee JM, Sathish P, Donaghy DJ, Roche JR (2011) Impact of defoliation severity on photosynthesis, carbon 559 




































































Lehmeier CA, Lattanzi FA, Schaüfele R, Schnyder H (2010) Nitrogen deficiency increases the residence time of 561 
respiratory carbon in the respiratory substrate supply system of perennial ryegrass. Plant Cell Environ 33: 562 
76-87 563 
Lidgett A, Jennings K, Johnson X, Guthridge K, Jones E, Spangenberg G (2002) Isolation and characterisation of 564 
a fructosyltransferase gene from perennial ryegrass (Lolium perenne). J Plant Physiol 159: 1037-1043 565 
Liu Q, Jones CS, Parsons A, Xue H, Rasmussen S (2015) Does gibberellin biosynthesis play a critical role in the 566 
growth of Lolium perenne? Evidence from a transcriptional analysis of gibberellin and carbohydrate 567 
metabolic genes after defoliation. Front Plant Sci 6: 944. http://dx.doi.org/10.3389/fpls.2015.00944 568 
Mathew C, Hofmann WA, Osborne MA (2009) Pasture response to gibberellins: a review and recommendations. 569 
New Zeal J Agr Res 52: 213-225 570 
MacMillan CP, Blundell CA, King RW (2005) Flowering of the grass Lolium perenne: effects of verbalization 571 
and long days on gibberellin biosynthesis and signalling. Plant Physiol 138: 1794-1806 572 
Martin DN, Proebsting WM, Parks TD, Dougherty WG, Lange T, Lewis MJ, Gaskin P, Hedden P (1996) Feed-573 
back regulation of gibberellin biosynthesis and gene expression in Pisum sativum L. Planta 200: 159-166 574 
Marx S, Nösberger J, Frehner M (1997) Seasonal variation of fructan-β-fructosidase (FEH) activity and 575 
characterization of a β-(2-1)-linkage specific FEH from tubers of Jerusalem artichoke (Helianthus 576 
tuberosus). New Phytol 135:267-277 577 
Matsushita A, Furumoto T, Ishida S, Takahashi Y (2007) AGF1, an AY-hook protein, is necessary for the negative 578 
feedback of AtGA3ox1 encoding GA3-oxidase. Plant Physiol 143: 1152-1162 579 
McIntyre CL, Casu RE, Rattey A, Dreccer MF, Kam JW, van Herwaarden AF, Shorter R, Xue GP (2011) Linked 580 
gene networks involved in nitrogen and carbon metabolism and levels of water-soluble carbohydrate 581 
accumulation in wheat stems. Funct Integr Genomics 11:585–597 582 
Middleton A, Úbeda-Tomás S, Griffiths J, Holman T et al. (2012) Mathematical modelling elucidates the role of 583 
transcriptional feedback in gibberellin signalling. Proc Natl Acad Sci USA 109: 7571-7576 584 
Ministry for the Environment (2013). Ministry for the Environment New Zealand's greenhouse gas inventory 585 
1990 – 2011. http://www.mfe.govt.nz/publications/climate/greenhouse-gas-inventory-2013/index.html.  586 
Morcuende R, Kostadinova P, Pèrez P, Martìn del Molino IM, Martìnez-Carrasco (2004) Nitrate is a negative 587 
signal for fructan synthesis, and the fructosyltransferase-inducing trehalose inhibits nitrogen and carbon 588 
assimilation in excised barley leaves. New Phytol 161: 749-759 589 
Morcuende R, Krapp A, Hurry V, Stitt M (1998) Sucrose feeding leads to increased rates if nitrate assimilation, 590 
increased rates of oxoglutarate synthesis, and increased synthesis of a wide spectrum of amino acids in 591 
tobacco leaves. Planta 206: 394-409 592 
Morris DA, Arthur ED (1985) Effects of gibberellic acid on patterns of carbohydrate distribution and acid 593 
invertase activity in Phaseolus vulgaris. Physiol Plant 65: 257-262   594 
Morvan A, Challe G, Prud’homme MP, Le Saos J, Boucaud J (1997) Rise of fructan exohydrolase activity in 595 
stubble of Lolium perenne after defoliation is decreased by uniconazole, an inhibitor of the biosynthesis of 596 
gibberellins. New Phytol 136: 81-88 597 
Morvan-Bertrand A, Boucaud J, Prud’homme MP (1999) Influence of initial levels of carbohydrates, fructans, 598 
nitrogen, and soluble proteins on regrowth of Lolium perenne L. cv. Bravo following defoliation. J Exp 599 




































































Morvan-Bertrand A, Ernstsen A, Lindgárd B, Koshioka M, Le Saos J, Boucaud J,  Prud’homme MP, Junttila O 601 
(2001) Endogenous gibberellins in Lolium perenne and influence of defoliation on their contents in 602 
elongating leaf bases and in leaf sheaths. Physiol Plant 111: 225-231 603 
 ‘Nufarm’ (2011) ProGibb-SGTM. Available at: www.nufarm.com/assets/18007/1/progibb_label.pdf (accessed 15 604 
August 2012) 605 
Ogawa M, Kusano T, Katsumi M, Sano H (2000) Rice gibberellin-insensitive gene homolog, OsGAi, encodes a 606 
nuclear-localized protein capable of gene activation at transcriptional level. Gene 245: 21-29 607 
Olszewski N, Sun TP, Gubler F (2002) Gibberellin signaling: biosynthesis, catabolism, and response pathways. 608 
Plant Cell 14: S61-80 609 
Parsons AJ, Rasmussen S, Liu Q, Xue H, Ball C, Shaw C (2013) Plant growth – resource or strategy limited: 610 
insights from responses to gibberellin. Grass and Forage Science 68: 577-588 611 
Peng J, Carol P, Richards DE, King KE, Cowling RJ, Murphy GP, Harberd NP (1997) The Arabidopsis GAI gene 612 
defines a signalling pathway that negatively regulates gibberellin responses. Gene Dev 11: 3194-3205 613 
Pollock CJ, Cairns AJ (1991) Fructan metabolism in grasses and cereals. Annu Rev Plant Physiol Plant Mol Biol 614 
42: 77-101   615 
Prud'homme MP, Gonzalez B, Billard JP, Boucaud J (1992) Carbohydrate content, fructan and sucrose enzyme 616 
activities in roots, stubble and leaves of ryegrass (Lolium perenne L.) as affected by source/sink 617 
modification after cutting. J Plant Physiol 40: 282–291  618 
Ranwala AP, Miller WB (2008) Gibberellin-mediated changes in carbohydrate metabolism during flower stalk 619 
elongation in tulips. Plant Growth Regul 55: 241-248 620 
Rasmussen S, Parsons AJ, Basset S, Christensen MJ, Hume DE, Johnson LJ, Johnson RD, Simpson WR, Stacke 621 
C, Viosey CR, Xue H, Newman JA (2007) High nitrogen supply and carbohydrate content reduce fungal 622 
endophyte and alkaloid concentration in Lolium perenne. New Phytol 173: 787-797 623 
Rasmussen S, Parsons AJ, Xue H, Liu Q, Jones CS, Ryan GD, Newman JA (2014) Transcript profiling of fructan 624 
biosynthetic pathway genes reveals association of a specific fructosyltransferase isoform with the high 625 
sugar trait in Lolium perenne. J Plant Physiol 171: 475 – 485 626 
Ruuska SA, Lewis DC, Kennedy G, Furbank RT, Jenkins CLD, Tabe LM (2008) Large scale transcriptome 627 
analysis of the effects of nitrogen nutrition on accumulation of stem carbohydrate reserves in reproductive 628 
stage wheat. Plant Mol Biol 66: 15–32 629 
Schnyder H, de Visser R (1999) Fluxes of reserve-derived and currently assimilated carbon and nitrogen in 630 
perennial ryegrass recovering from defoliation. The regrowing tiller and its component functionally distinct 631 
zones. Plant Physiol 119: 1423-1435 632 
Stitt M, Krapp A (1999) The interaction between elevated carbon dioxide and nitrogen nutrition: the physiological 633 
and molecular background. Plant Cell Environ 22: 583-621 634 
Sturm A (1999) Invertases. Primary structures, functions, and roles in plant development and sucrose partitioning. 635 
Plant Physiol 121:1-8 636 
Thomas SG, Phillips AL, Hedden P (1999) Molecular cloning and functional expression of gibberellin 2-oxidases, 637 
multifunctional enzymes involved in gibberellin deactivation. Proc Natl Acad Sci USA 96: 4698-4703 638 
Truong HN, Caboche M, Daniel-Vedele F (1997) Sequence and characterization of two Arabidopsis thaliana 639 




































































van den Ende W, Clerens S, Vergauwen R, Va Riet L, Van Laere A, Yoshida M, Kawakami A (2003) Fructan 1-641 
exohydrolase. β-(2,1)-trimmers during graminan biosynthesis in stems of wheat? Purification, 642 
characterization, mass mapping and cloning of two fructan 1-exohydrolase isoforms. Plant Physiol 131: 643 
621-631 644 
van den Ende W, De Roover J, Van Laere A (1999) Effect of nitrogen concentration on fructan and fructan 645 
metabolizing enzymes in young chicory plants (Cichorium intybus). Physiol Plant 105: 2-8  646 
van Rissum MH, Bryant RH, Edwards GR (2013) Response of simple grass-white clover and multi-species 647 
pastures to gibberellic acid or nitrogen fertiliser in autumn. Proceedings of the New Zealand Grassland 648 
Association 75: 145-150 649 
Wang C, Tillberg JE (1996) Effects of nitrogen deficiency on accumulation of fructan and fructan metabolizing 650 
enzyme activities in sink and source leaves of barley (Hordeum vulgare). Physiol Plant 5: 17-37  651 
Wang C, van den Ende W, Tillberg JE (2000) Fructan accumulation induced by nitrogen deficiency in barley 652 
leaves correlates with the level of sucrose: fructan 6-fructosyltransferase mRNA. Planta 211: 701–707 653 
Wu LL, Mitchell JP, Cohn NS, Kaufman PB (1993) Gibberellin (GA3) enhances cell wall invertase activity and 654 
mRNA levels in elongating dwarf pea (Pisum sativum) shoots. Int J Plant Sci 154: 280-289 655 
Xu YL, Li L, Gage DA, Zeevaart AD (1999) Feedback regulation of GA5 expression and metabolic engineering 656 
of gibberellin levels in Arabidopsis. Plant Cell 11: 927-935 657 
Yamaguchi J (1998) Analysis of embryo-specific α-amylase using isolated mature rice embryos. Breed Sci 48: 658 
365-370 659 
Yamaguchi S (2008) Gibberellin metabolism and its regulation. Annu Rev Plant Biol 59: 225-251 660 
Yamamoto S, Mino Y (1987) Effect of sugar level on phleinase induction in stem base of orchargrass after 661 
defoliation. Physiol Plant 69: 456-460 662 
 663 
Figure legends 664 
 665 
Fig. 1 Fructan concentrations (mg g-1 DW) and relative expression of fructosyltransferases (Lp1-SST and Lp6-666 
SFT), and a fructan exohydrolase (Lp1-FEH) in Lolium perenne after defoliation and GA supply. Line charts at 667 
left represent the mean ± SE (n=7) of enclosed elongating tissue (EE). Dashed lines: GA-free treatments; Solid 668 
lines: GA supply treatments; Open cycles: low N treatments; Closed cycles: high N treatments. Bar charts at the 669 
right represent the overall means ± SE (n=84) of the major N and GA treatments for all three tissues of EE, sheath 670 
(S) and emerged mature blade (EM) during the later regrowth periods of 168-672 h after defoliation. Different 671 
letters denote significant differences between treatments. Gene expression levels were normalised to relative 672 
expression against a spiked external reference gene, eGFP. 673 
 674 
Fig. 2 Concentrations of sucrose (mg g-1 DW) and relative expression of an invertase gene (LpVacInv) in Lolium 675 
perenne after defoliation and GA supply. Line charts represent the mean ± SE (n=7) of enclosed elongating tissue 676 
(EE), sheath tissue (S) and emerged mature blade (EM). Dashed lines: GA-free treatments; Solid lines: GA supply 677 
treatments; Open cycles: low N treatments; Closed cycles: high N treatments. Bar charts at bottom represent the 678 




































































periods of 168-672 h after defoliation. Different letters denote significant differences between treatments. Gene 680 
expression levels were normalised to relative expression against a spiked external reference gene, eGFP. 681 
 682 
Fig. 3 Relative expression of GA-synthesising genes (LpGA3ox and LpGA20ox) and a GA-regulated gene 683 
(LpDELLA) in Lolium perenne after defoliation and GA supply. Line charts represent the mean ± SE (n=7) of 684 
enclosed elongating tissue (EE). Dashed lines: GA-free treatments; Solid lines: GA supply treatments; Open 685 
cycles: low N treatments; Closed cycles: high N treatments. Bar charts represent the overall means ± SE (n=84) 686 
of the major N and GA treatments for all three tissues of EE, sheath (S) and emerged mature blade (EM) during 687 
the later regrowth periods of 168-672 h after defoliation. Different letters denote significant differences between 688 
treatments. Gene expression levels were normalised to relative expression against a spiked external reference 689 






































































Table 1 Schedules of time-course for plant harvesting (marked by ‘√’) in GA-free and GA+ treatments. * Plant defoliated 
Regrowth following 
defoliation (h) 
0 1 5 24 48 72 96 97 101 120 144 168 336 504 672 
For GA free treatment √* √ √ √ √ √      √ √ √ √ 
For GA+ treatment √*      √ √ √ √ √ √ √ √ √ 
After GA supply (h)       0 1 5 24 48 72 240 408 576 






































































Table 2 Genes analysed in this study 
Gene name Putative function 
NCBI Genbank 
accession No. 
Lp1-SST sucrose: sucrose 1-fructosyltransferase AY245431 
Lp6-SFT sucrose: fructan 6-fructosyltransferase AB186920 
Lp1-FEH fructan exohydrolase DQ018712 
LpVacInv sucrose-degrading vacuolar invertase AY082350 
LpCWInv sucrose-degrading cell wall invertase DQ073969 
LpCytInv sucrose-degrading cytosolic invertase AM489692 
LpGA3ox GA synthetic LpGA3-oxidase KP954695 
LpGA20ox GA synthetic LpGA20-oxidase DQ071620 
LpGA2ox GA inactivating LpGA2-oxidase EF687858 
LpDELLA GA regulator KP954694 
LpGID GA receptor This study 
LpGAMyb GA transcription factor This study 
LpNR nitrate reductase This study 








































































Fig. 1 Fructan concentrations (mg g-1 DW) and relative expression of fructosyltransferases (Lp1-SST and Lp6-
SFT), and a fructan exohydrolase (Lp1-FEH) in Lolium perenne after defoliation and GA supply. Line charts at 
left represent the mean ± SE (n=7) of enclosed elongating tissue (EE). Dashed lines: GA-free treatments; Solid 
lines: GA supply treatments; Open cycles: low N treatments; Closed cycles: high N treatments. Bar charts at the 
right represent the overall means ± SE (n=84) of the major N and GA treatments for all three tissues of EE, sheath 
(S) and emerged mature blade (EM) during the later regrowth periods of 168-672 h after defoliation. Different 
letters denote significant differences between treatments. Gene expression levels were normalised to relative 






































































Fig. 2 Concentrations of sucrose (mg g-1 DW) and relative expression of an invertase gene (LpVacInv) in Lolium 
perenne after defoliation and GA supply. Line charts represent the mean ± SE (n=7) of enclosed elongating tissue 
(EE), sheath tissue (S) and emerged mature blade (EM). Dashed lines: GA-free treatments; Solid lines: GA supply 
treatments; Open cycles: low N treatments; Closed cycles: high N treatments. Bar charts at bottom represent the 
overall means ± SE (n=84) of the major N and GA treatments for all three tissues tested during the later regrowth 
periods of 168-672 h after defoliation. Different letters denote significant differences between treatments. Gene 











































































Fig. 3 Relative expression of GA-synthesising genes (LpGA3ox and LpGA20ox) and a GA-regulated gene 
(LpDELLA) in Lolium perenne after defoliation and GA supply. Line charts represent the mean ± SE (n=7) of 
enclosed elongating tissue (EE). Dashed lines: GA-free treatments; Solid lines: GA supply treatments; Open 
cycles: low N treatments; Closed cycles: high N treatments. Bar charts represent the overall means ± SE (n=84) 
of the major N and GA treatments for all three tissues of EE, sheath (S) and emerged mature blade (EM) during 
the later regrowth periods of 168-672 h after defoliation. Different letters denote significant differences between 


































































































































































































































































Suppl. Table S2 P values of ANOVA for N/GA effects (A), defoliation effects (B) and GA immediate effects (C). Bolded values represent the 
significant differences 
A: P values of N/GA effects. 3-way ANOVA (tissue x N/GA treatment x regrowth time) analysed using data at regrowth periods from 168 to 672h after defoliation 





Lp1-SST Lp6-SFT Lp1-FEH LpGA3ox LpGA20ox LpGA2ox LpDELLA LpGID LpGAMyb LpNR LpNT 
Tissues 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
N/GA treatment 0.000 0.000 0.000 0.399 0.231 0.000 0.000 0.000 0.000 0.000 0.000 0.442 0.000 0.069 0.000 0.046 0.897 0.000 0.313 
Regrowth time 0.000 0.000 0.000 0.001 0.126 0.527 0.000 0.000 0.005 0.000 0.186 0.209 0.676 0.069 0.469 0.060 0.313 0.298 0.659 
Tissues x N/GA treatment 0.002 0.000 0.386 0.162 0.029 0.016 0.008 0.127 0.029 0.220 0.051 0.014 0.001 0.290 0.040 0.009 0.062 0.160 0.314 
Tissue x Regrowth time 0.485 0.000 0.037 0.433 0.150 0.793 0.021 0.000 0.015 0.670 0.363 0.882 0.090 0.140 0.240 0.078 0.000 0.816 0.372 
N/GA treatment x Regrowth 
time 
0.000 0.000 0.909 0.128 0.338 0.019 0.035 0.057 0.034 0.809 0.002 0.472 0.007 0.332 0.114 0.009 0.261 0.578 0.648 
Tissues x  N/GA treatment 
x Regrowth time 
0.018 0.051 0.845 0.907 0.217 0.596 0.108 0.012 0.519 0.915 0.987 0.863 0.908 0.872 0.971 0.031 0.951 0.989 0.934 
B: P values of defoliation effects. 3-way ANOVA (tissue x N level x regrowth time) analysed using data at regrowth periods from 0 to 72h after defoliation 





Lp1-SST Lp6-SFT Lp1-FEH LpGA3ox LpGA20ox LpGA2ox LpDELLA LpGID LpGAMyb LpNR LpNT 
Tissues 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.127 0.000 
N level 0.000 0.000 0.000 0.637 0.391 0.000 0.000 0.000 0.000 0.000 0.015 0.000 0.050 0.393 0.000 0.548 0.196 0.000 0.071 
Regrowth time 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.008 0.004 0.000 0.007 0.000 0.104 0.052 0.021 
Tissues x N level 0.016 0.001 0.004 0.828 0.274 0.655 0.411 0.000 0.163 0.045 0.206 0.081 0.021 0.333 0.152 0.013 0.531 0.961 0.248 
Tissue x Regrowth time 0.357 0.020 0.000 0.906 0.433 0.286 0.906 0.272 0.000 0.077 0.244 0.046 0.202 0.001 0.699 0.000 0.892 0.801 0.160 
N level x Regrwoth time 0.341 0.684 0.188 0.029 0.071 0.000 0.013 0.146 0.574 0.580 0.110 0.013 0.776 0.713 0.303 0.623 0.219 0.156 0.584 
Tissues x  N level 
x Regrowth time 
0.640 0.452 0.455 0.854 0.798 0.998 0.293 0.357 0.661 0.870 0.980 0.382 0.854 0.202 0.967 0.876 0.957 0.899 0.979 
C: P values of GA-immediate effects. 3-way ANOVA (tissue x N level x regrowth time) analysed using data at regrowth periods from 0 to 48 h after GA supply 





Lp1-SST Lp6-SFT Lp1-FEH LpGA3ox LpGA20ox LpGA2ox LpDELLA LpGID LpGAMyb LpNR LpNT 
Tissues 0.000 0.000 0.000 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.018 0.000 
N level 0.814 0.000 0.000 0.511 0.225 0.005 0.000 0.000 0.000 0.000 0.219 0.000 0.001 0.000 0.321 0.261 0.648 0.000 0.018 
Regrowth time 0.074 0.545 0.000 0.231 0.111 0.000 0.004 0.040 0.544 0.744 0.002 0.000 0.000 0.001 0.719 0.000 0.017 0.296 0.135 
Tissues x N level 0.162 0.432 0.022 0.180 0.482 0.574 0.011 0.000 0.330 0.356 0.125 0.014 0.397 0.023 0.277 0.266 0.064 0.744 0.113 
Tissue x Regrowth time 0.106 0.054 0.000 0.881 0.038 0.981 0.025 0.001 0.334 0.340 0.003 0.060 0.043 0.246 0.559 0.000 0.872 0.965 0.846 
N level x Regrwoth time 0.133 0.330 0.143 0.826 0.191 0.008 0.000 0.064 0.054 0.178 0.149 0.776 0.396 0.362 0.431 0.119 0.489 0.952 0.357 
Tissues x  N level 
x Regrowth time 






































































Suppl. Fig. 1 Relative expression of a fructan exohydrolase gene (Lp1-FEH) in sheath (a) and emerged mature 
blade (b); and a cytosolic invertase gene (LpCytInv) in enclosed elongating tissue (c) in Lolium perenne after 
defoliation and GA supply (n=7). Dashed lines: GA-free treatments; Solid lines: GA supply treatments; Open 
cycles: low N treatments; Closed cycles: high N treatments. Gene expression levels were normalised to relative 
























































































Figure 3 Click here to access/download;Figure;Fig-3.pdf
 
 
Suppl. Fig. 1 Relative expression of a fructan exohydrolase gene (Lp1-FEH) in sheath (a) and emerged mature 
blade (b); and a cytosolic invertase gene (LpCytInv) in enclosed elongating tissue (c) in Lolium perenne after 
defoliation and GA supply (n=7). Dashed lines: GA-free treatments; Solid lines: GA supply treatments; Open 
cycles: low N treatments; Closed cycles: high N treatments. Gene expression levels were normalised to relative 
expression against a spiked external reference gene, eGFP. 
Supplementary figure 1 Click here to access/download;Supplementary
Material;Suppl_Fig-S1.pdf
